Factors affecting clarity of freshwater lakes in Brandenburg, Germany  by Pfannkuche, Jens et al.
Limnologica 30 (2000) 311-321 L IMNOLOGICA 
http://www.urbanfischer.de/j ournals/limno 
© by Urban & Fischer Verlag 
Institut ftir angewandte Gew~isser6kologie GmbH, Seddin, Germany 
Factors Affecting Clarity of Freshwater Lakes in Brandenburg, Germany 
JENS PFANNKUCHE, JENS MEISEL & OLAF MIETZ 
With 9 Figures and 5 Tables 
Key words: Water clarity, lakes, phytoplankton, gelbstoff, seston 
Abstract 
In the German State Brandenburg, water clarity and the concentra- 
tions of the water quality components chlorophyll a, seston and 
gelbstoff were measured in 27 lakes. Correlation analysis howed, 
that spectral beam attenuation at662 and 514 nm was mainly depen- 
dent on changes in chlorophyll a concentrations. In the UV-channel 
at 360 nm, beam attenuation depended mostly on gelbstoff. 
Multiple linear egression provided a direct model of beam atten- 
uation at 514 nm with the inputs of inorganic seston, chlorophyll a 
and gelbstoff. The specific beam attenuation coefficients were com- 
parable to other natural waters around the world. An inverse model 
is presented, from which gelbstoff and chlorophyll a could be pre- 
dicted with some accuracy from the inputs of beam attenuation coef- 
ficients at 514 and 360 nm. However, it became obvious that biolog- 
ical variability put major constraints on the predictive capacity of 
both the direct and the inverse model. 
Furthermore, we observed a good correspondence of Secchi 
depth and the inverse of beam attenuation at 514 nm. The predic- 
tions of Secchi depth and chlorophyll a concentration from the in- 
verse model were assessed in perspective of using this instrument in- 
stead of laborious chemical analysis for future trophic status classifi- 
cation according to LAWA (L~inderarbeitsgemeinschaft W sser). 
Predictions of trophic status were principally good when using cali- 
brated models, however, quality of classification critically depended 
on predictions ofchlorophyll a, 
Introduction 
Water clarity greatly affects the recreational use of natural 
waters and the penetration of photosynthetically available 
radiation (PAR) in the water column and therefore primary 
productivity. For these reasons, many countries have stan- 
dards for water clarity and improving clarity is often a major 
objective of water managers (VANT & DAVIES-COLLEY 1984). 
The water clarity is commonly measured by the Secchi 
depth, ZSD, which describes the image attenuation of a white 
disk in the water body. VANT & DAV1ES-COLLEY (1984) com- 
piled studies, where the effect of individual water components 
on the Secchi depth was quantified. These regression relation- 
ships were then used to predict water clarity for different 
water quality conditions. The authors pointed out, however, 
that white disk image attenuation does not only depend on 
water quality but also changes with the nature of the ambient 
light field. Secchi depth is therefore referred to as an apparent 
optical property (AOP) (TYLER ~% PREISENDORFER 1962) and 
might not be an ideal parameter for modelling water clarity. 
Alternatively, they suggested touse inherent optical prop- 
erties (IOP), such as the beam attenuation coefficient, c, 
which describes the extinction of a collimated beam of light 
due to the processes of absorption (a) and scattering (b). The 
sum of the absorption and the scattering coefficient build the 
beam attenuation coefficient (i.e. a + b = c), which is a more 
rigorous measure of water clarity than ZsD because it exclu- 
sively and linearly depends on the concentration of the opti- 
cally active materials in the water column (K~R~: 1994). In 
addition, the effect of the individual components i additive 
(VAN DE HULST 1957), such that c can be described as: 
c = c W + Cd*[DOC]+ cp*[C]+ c~*[S] (1) 
where [DOC] is the dissolved organic carbon concentration, 
[C] are concentrations of the phytoplankton pigments repre- 
sented by chlorophyll a, [S] denotes the non-biogenous ses- 
ton, which consist of inorganic and organic particles, [IS] & 
lOS] respectively, and cw denotes the scattering and more im- 
portantly absorption by the water molecules themselves. The 
slopes c×* denote the specific beam attenuation coefficients 
of the individual water components [X]. The dissolved car- 
bonaceous material [DOC] is optically referred to as gelb- 
stoff and does not scatter light significantly. Therefore, beam 
attenuation coefficient of gelbstoff, cd ( = cd*[DOC]), is ap- 
proximately equal to the absorption coefficient of gelbstoff, 
g~ (GALLEGOS et al. 1990). 
In principle, it is possible to derive a simple optical model 
of the beam attenuation coefficient (equation (1)) from mul- 
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tiple linear regression of the water components concentra- 
tions on c. Such a model can be used to predict changes in 
water clarity for different water quality conditions. In many 
New Zealand regions, optical models of water clarity have 
been based on c, e.g. in maintaining the aesthetic appearance 
of Lake Coleridge/South Island New Zealand under con- 
struction discharge (DAVlES-COLLEY & BIGGS 1990). In addi- 
tion, they modelled water clarity for the present discharge 
conditions and predicted sufficient light penetration for ben- 
thic macrophytes, based on published ata on light require- 
ments of submerged aquatic vegetation. Similar models have 
been used in other freshwater lakes on the North Island of 
New Zealand (VANT & DAVlES-COLLEY 1984, 1986), in 
rivers (DAvIES-COLLEY & CLOSE 1990), estuaries (GALLEGOS 
et al. 1990; VANT 1990) and shelf seas (BowERS & MITCHEL- 
SON-JACOB 1996; PFANNKUCHE 1999, unpublished data). 
Prediction of the propagation of light underwater from 
knowledge of the concentration of the dissolved and particu- 
late materials i referred to as the direct problem (GALLEGOS et 
al. 1990). Conversely, in the inverse problem, the concentra- 
tion of the optically active material in the water column is in- 
ferred from optical measurements. The scope is to give water 
managers an in situ tool that provides immediate information 
on the trophic indices noted above, and in particular chloro- 
phyll a, [DOC] and Secchi depth. This will allow instanta- 
neous decision making, whether a given water body may be 
suitable for recreational use, and provides fast and cheap tem- 
poral and spatial resolution of these materials in comparison 
to the time consuming laboratory measurements. 
Problematic for developing an inverse model is the de- 
pendence of the IOP on several water constituents. To cir- 
cumvent his problem, modellers have either used a single 
wavelength, that exclusively responds to one water compo- 
nent (e.g. GALLEOOS et al. 1990) or alternatively used Several 
component algorithms (BRICAUD 8¢ STRAMSKI 1990). In the 
present study, we examined the effect of the water compo- 
nents chlorophyll a, gelbstoff and inorganic seston on the 
beam attenuation coefficient at the three wavelength 360, 
514 and 662 nm. Study sites are a variety of Brandenburg 
lakes of different trophic and optical character. Ongoing 
from this, we developed a direct model of water clarity and 
an inverse model of chlorophyll a and gelbstoff concentra- 
tions. The results are assessed in the perspective, whether the 
trophic status of lakes according to LAWA classification can 
be determined with sufficient accuracy. The classification 
system assesses the trophic status by weighting the mean 
concentrations of total phosphor in spring and in summer, 
the mean concentration f chlorophyll a and the mean Secchi 
depth in summer (L~nderarbeitsgemeinschaft Wasser 1998). 
We investigated if in situ estimates of Zsn and [C] gave com- 
parable results in the classification when compared to values 
obtained from conventional field and laboratory measure- 
ments. 
Methods  
List of Symbols 
List of Symbols Unit 
(~) 
c 
Cw 
f 
Cp ~¢ 
Cs* ; Co* & Ci* 
Cd * 
Cg * 
phaeo 
[cl 
IS]; [os] & [ls] 
[,q 
[DOC] 
[TP] 
g360 
Cp 
Cs 
Cd 
Cg 
I 
lo 
F 
OD 
S 
ZsD 
SE 
denotes wavelength for coefficient 
total beam attenuation coefficient 
beam attenuation coefficient of water 
beam attenuation coefficient as measured inthis study, = c - c w 
specific beam attenuation coefficient of phytoplankton 
specific beam attenuation coefficient of total, organic & inorganic seston, respectively 
specific beam attenuation coefficient of dissolved organic arbon 
specific beam attenuation coefficient of gelbstoff 
phaeopigment concentration 
chlorophyll a concentration 
concentrations oftotal, organic and inorganic seston, respectively 
inorganic seston concentration, corrected for contribution from algal material (see text) 
dissolved organic arbon concentration 
total phosphor concentration 
absorption coefficient of gelbstoff at 360 nm 
beam attenuation coefficient of phytoplankton, i.e. Cp* [C] 
beam attenuation coefficient by inorganic seston, i.e. ci* [/] 
beam attenuation coefficient of dissolved organic arbon, i.e. cd*[DOC] 
beam attenuation coefficient of gelbstoff, i.e. Cg*g360 
intensity of transmitted irradiance 
intensity of emitted irradiance 
light path between source and detector array 
optical density 
spectral slope parameter ofgelbstoff absorption 
Secchi depth 
1 Standard Error 
(nm) 
(m-b 
(m -~) 
(m -z) 
(m z mg q) 
(m z g-l) 
(m 2 g-i) 
dimensionless 
(mg m -3) 
(mg m -3) 
(g m 3) 
(g m -3) 
(g m 3) 
(m 1) 
(m -~) 
(m-b 
(m q ) 
(m-') 
Volts 
Volts 
(m) 
(m-b 
(nm -I) 
(m) 
dimensionless 
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Study sites 
Measurements of spectral beam attenuation and water quality pa- 
rameters were performed in 27 lakes in the state Brandenburg/Ger- 
many from 30.06.1999 to the 13.07.1999 (Table i). The study area 
covered a range of lakes differing in their trophic status and visual 
water clarity. Some of the model akes as well as previously not sam- 
pled lakes were sampled again later during the year (12.08.1999 to 
26.08.1999) to obtain an independent data set for water quality and 
transmissiometer measurements (n = 24) and for Secchi disk mea- 
surements (n = 53) on which the developed models were tested. 
Optical field measurements 
An underwater beam transmissiometer designed by Institut ftir 
Angewandte Optik und Feinmechanik der Fraunhofer Gesellschaft 
(IOF, Jena/Germany) was used to measure the beam attenuation co- 
efficient. An incandescent lamb flashes visible light (200-900 nm) 
through a collimating quartz lense into the water. Instabilities of the 
light source are compensated for by deflecting c.10% of the light 
source to a white light detecting reference cell. After a light path of 
10 cm, the intensity of the transmitted light is detected by a diode de- 
tector array. The spectral wavelengths were adjusted using interfer- 
ence filters with a half-power bandwidth of 20 nm at the 360 nm 
channel and 10 nm at the 514 nm and 662 nm channels, Pin-holes in 
front of the photodiodes reduce tile half-angle of the detected light 
cone to 0.9 ° . The beam attenuation coefficient is calculated accord- 
ing to: 
In 
c G) - 
([ (~) / L G)) (2) 
where Io(~,) and I(L) denote the spectral intensity of the emitted and 
transmitted light after correcting the voltage to the reference. The 
error in determining the transmission losses at all thress channels 
was smaller than 2.5%. The symbol r denotes the light path through 
the water in (m). Since the precision of the instrument is 0.1 Volt at a 
maximum of 4 Volts, maximum c()Q theoretically is 35 m q. 
Before measurements, the instrument was calibrated with double- 
destilled e-ionised water. Then, the instrument was deployed to 0.5 
m depth and 10 consecutive measurements at each wavelength were 
recorded. Due to the calibration, the mean of the measured beam at- 
tenuation coefficient, f(~,) (which we will just call beam attenuation 
coefficient for convenience from hereon) is the total beam attenua- 
tion coefficient minus the beam attenuation coefficient of pure water. 
Secchi depth measurements were done in the middle of each lake 
under sky conditions, that allowed sufficient light penetration i the 
water body (solar elevation >20°; DAVIES-COLLEY et al. 1993). Some 
lakes were too shallow to deploy the Secchi disc (e.g. Kleine G6h- 
lenze) and thus visual water clarity could not be measured. TYLER 
(1968), however, explained the Secchi depth as a function of the 
beam and diffuse attenuation coefficients for PAR according to: 
ZSD = const. / (c + Kd) (3) 
The index Kd is the diffuse attenuation coefficient for downwards 
travelling PAR, which is an AOP that describes the exponential 
decay of diffuse sunlight with depth. Kd is usually smaller in magni- 
tude than c by a factor of about 3 (DAVIES-COLLEY 1983). Thus, Sec- 
chi depth is more dependent on scattering than on absorption as c is 
mainly a function of b and Ka largely depends on a (DAVIES-COLLEY 
1983; KIRK 1994). Since, ZSD largely depends on c (DAVIES-COLLEY 
1983), the measured beam attenuation coefficient at 514 nm was 
directly related to Secchi depth according to: 
ZsD = 3 / f(514) (n = 22; ~a = 0.88; Fig. 1) (4) 
This strong relationship (coefficient of determination = 88%) 
suggested, that measurements of green light attenuation could be 
used instead of PAR measurements to estimate Secchi depth with a 
root mean square error of 0.42 m. Testing the equation on an inde- 
pendent data set showed good estimates with a negligible, non-sig- 
nificant bias [mean(observed - predicted) =-0.04; n = 46] (Fig. 2). 
10 
ZsD = 2,98/9(514 ) 
r 2 =0.882 
0,1 . . . . . . . .  1 . . . . . . . .  I 
0,01 0,1 1 . . . . . . .  I0  
1/9 (m) 
Fig. 1. Secchi depth as a function of beam attenuation at514 nm in 
22 Brandenburg lakes during late June/July 1999. The equation 
quantifies the regression line. 
N 
10 
+ 
/ 
J 
+/  a 
0.1 . . . . . . .  I 
0.1 1 . . . . . . . .  10  
ZSD observed  (m) 
Fig. 2. Observed versus predicted Secchi depth using equation (4). 
The symbols denote data used for model development (+) (n = 23) 
and an independent data set (A), sampled in different Brandenburg 
lakes in August 1999 (n = 53). The straight line denotes the 1:1 pre- 
diction line. 
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Water quality parameters 
At each station, awater sample was taken at 0,5 m depth and stored 
in polyurethan sample bottle (1-5 litre volume). Care was taken to 
avoid sampling the surface microlayer which can be enriched in or- 
ganic materials (VANT 1990). The bottles were stored in the dark 
until further processing upon return in the laboratory (usually within 
the next 4 hours). 
In the laboratory, one sub-sample was filtered through glass fibre 
filters of 0.75 pm nominal pore size (Schleicher & Schtill) for spec- 
trophotometric determination f chlorophyll a and phaeopigment 
concentration (DIN 38412; 1986). Filters were extracted (overnight 
at room temperature) in 50 ml of boiling ethanol (100%) either im- 
mediately or after freezing for < 4 weeks (-18 °C). 
Total and inorganic seston, [S] and [IS] respectively, were deter- 
mined by filtering two sub-samples onto pre-rinsed and pre-com- 
busted (500 °C for 1 h) Whatmann GF/F filters. The weight gain was 
determined gravimetricalIy after drying at 105 °C (6 h) and loss on 
ignition after firing at 400 °C (6 h). The latter gives measure of the 
inorganic seston concentration, [IS] (VANT • DAVIES-COLLEY 1984). 
The organic seston fraction, [OS], was obtained by subtracting [IS] 
from [S]. The results were expressed as the mean of the two sub- 
samples in units of g m -3 with the error being smaller than 5% on av- 
erage. In 4 lakes, where loss on ignition was so low that it could not 
be reliably determined, [OS] was estimated from the sum of chloro- 
phyll a and phaeopigment concentration, [P], using the empirical 
equation: 
[os] = [P]/4.15 (5) 
(n = 23; r z = 0.927; root mean square rror 2.6 g m 3) 
The slope in the above equation implies, that most of the organic 
seston is carbonaceous material from algal biomass. Since living 
algae contain just little phaeopigment concentrations, a contribution 
of phaeopigments to [OS] suggests hat also dead plant material con- 
tributed to organic seston. This contribution was particularly strong 
in small and shallow lakes, where wind re-suspension f bottom sed- 
iments contained algal and plant degradation products, giving rise to 
elevated water column concentrations (VANT ~; DAVIES-COLLEY 
1984). 
In the turbid yellow Moorestkolksee, the above equation provid- 
ed too high estimates of [OS], since negative values for [IS] were 
calculated from [S] - [OS]. Here, seston was assumed to exclusively 
consist of organic material. 
Dissolved organic arbon concentration, [DOC], was determined 
from one sub-sample, filtered through a 0.45 pm membrane filter 
(Sartorius). The filtrate was stored in an organic free container in a 
refrigerator until DOC concentration was determined (within 14 
days) by phosphoric acid oxidation according to DIN 38409. Ab- 
sorption of gelbstoff in the 0.45 pm filtrate was measured in a spec- 
trophotometer (Zeiss) using organic free 5 cm quartz cuvettes at UV 
and visible wavelength of the spectrum. The optical density, OD, 
was measured against a double distilled, de-ionised water and con- 
verted into the spectral absorption coefficient of gelbstoff, g~o (m-l), 
according to 2.3030D/0.05 (DAVIES-COLLEY 1992). The spectra 
where checked for deviation from semi-log linearity indicating scat- 
tering by colloidal material passing the filter pores. These spectra 
where then corrected for scattering by calculating the spectral ab- 
sorption coefficient of gelbstoff according to: 
ao()~) 2"303 [OD()~) - OD(700) (~)  (6) 
Results 
Water quality 
Table 2 summarises the optical measurements and the con- 
centrations of optically active components in the study area 
listed in Table 1. Water clarity and constituent concentrations 
varied 1 to 2 orders of magnitude in the study area (Table 2), 
with most water component concentrations and optical char- 
acters being positively skewed. Exception was gelbstoff that 
ranged from 1.04 to 5.38 m -1 indicating mostly moderate 
gelbstoff levels with few very high concentrations. 
The concentration of chlorophyll a varied markedly from 
one lake to another, ranging from 1.8 to 130.0 mg m 3. Ses- 
ton concentration was moderate to high with a median of 
4.78 g m 3 Maximum seston concentration occurred at 
Oberer Kastavensee, Stid with 49.7 g m 3, that consisted 
mainly of organic material ([OS] = 45.7 g m-3). This coincid- 
ed with the highest chlorophyll a concentration. Total seston 
could reach extremely high values ([S] in Oberer Kas- 
tavensee, Stid = 49.7 g m 3), and in most lakes seston consist- 
ed largely of organic material (mean 74%) that was of algal 
origin (see equation 3). As a result, the total seston concen- 
tration would return biased estimates of the specific attenua- 
tion coefficients in multiple regression analysis, since [C] 
and IS] co-varied (see below). Thus, inorganic seston con- 
centration was used for investigating the effect of non-algal 
particulate material on f()~). However, also in estimates of 
the inorganic seston concentration a contribution of inorgan- 
ic algal material (e.g. diatom frustules) must be expected 
(VANT & DAVmS-CoLLEY 1986; PRDMORE et al. 1995). 
Therefore, the standing crop related inorganic fraction was 
obtained from the lowest ratio of [IS] to [C] being 0.03 g 
mg -1 in Oberer Kastavensee, Stid. Inorganic seston was then 
calculated as [/] = [IS] - 0.03[C]. This factor is identical to 
the value obtained for the diatom dominated Lake Rotorua in 
New Zealand (VANT & DAVIES-COLLEY 1986), falling into 
ranges of values obtained using literature results for the ratio 
of chlorophyll a to biomass, and the proportion of particulate 
inorganic material associated with biomass (VOLLENWHDEe 
Table 2. Summary statistics on optical indices and water quality 
from Table 1. 
mean SE median rain max n 
ZsD 1.64 0.26 1.6 0.2 6.0 22 
9(662) 2.16 0.44 1.44 0.30 11.11 27 
9(514) 3.58 0.64 2.629 0.47 15.53 27 
9(360) 11.37 2.27 7.66 1.21 60.89 27 
[C] 20.55 5.59 9.22 1.8 129.35 27 
[S] 8.95 2.06 4.78 1.42 49.67 27 
[OS] 6.61 1.73 3.65 1.08 45.67 27 
[DOC] 12.94 1.53 ll.62 1.46 35.44 27 
g360 8.84 2.27 5.38 1.04 62.61 27 
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Fig. 3. Regression of gelbstoff absorption coefficients against DOC 
concentration. The line indicates the linear regression equation: 
g360 = 1.18 [DOC] - 6.4; r 2 = 0.618. The symbol (A) indicates the 
values obtained from lake Moorestkolksee. 
Fig. 4. Spectral gelbstoff absorption coefficients howing scattering 
by residual colloidal material, as indicated by the non-semi-log lin- 
earity. The straight line indicates an ideal semi-log spectra of gelb- 
stoff, collected in Lake Kleine Gthlenze. 
1969). In Groger Seddiner See, inorganic seston concentra- 
tion could still reach very high levels of about 19 g m -3. 
Dissolved organic carbon concentration or its equivalent, 
the absorption by gelbstoff, was relatively high with maxi- 
mum values of 35.4 g m -3 and 62.61 m -s, respectively, when 
compared to other natural waters (KIRK 1994; GALLEGOS et 
al. 1990). However, the relationship between absorption of 
gelbstoff at 360 nm, g?60, and DOC concentration was vari- 
able (Fig. 3). Plotting the natural logarithm of g~ versus 
wavelength showed some curvature towards the longer wave- 
length (Fig. 4). This was observed by previous workers 
(BRICAUD et al. 1981), who attributed this behaviour to resid- 
ual scattering by filter passing colloidal material (see above). 
Since we corrected the absorption spectra for scattering by 
colloids but did not correct our [DOC] measurements for 
these, discrepancies between both measurements have to be 
expected. However, the poor correlation of g360 and [DOC] 
may also be a result of the chemical diversity of the dissolved 
carbonaceous materials. This is indicated by a very variable 
spectral slope parameter, S when fitting an exponential func- 
tion according equation (7) through the corrected gelbstoff 
absorption spectra (CUTHBERT & DEL GEORGIO 1992). 
g)~ = g~oe I-s(x ~ (7) 
In the study region, S ranged from 0.0089 to 0.0205 nm -~ 
(mean = 0.0175 nml;  median = 0.0181 nm -1) indicating a 
very diverse population composition of humic and fulvic 
acids that make up total gelbstoff (c.f. CARDER et al. 1989; 
KIRK 1994). 
For Secchi depth measurements, lakes ranged from 0.2 to 
6 m with a median of 1.05 m, indicating a range of turbid to 
clear waters of predominantly ow visual clarity. Minimal 
ZSD coincided with the lowest spectral beam attenuation co- 
efficient at 662 nm in Parsteiner See, SOd. Moorestkolksee 
and Kleine G6hlenze were the lakes with the most extreme 
optical coefficients, where q()~) ranged from 60.89 m I at 360 
nm to 0.296 m -1 at 662 nm respectively (Fig. 5). It is noted, 
that g360 and f(360) are not in quantitative agreement al- 
though the beam attenuation coefficient sets the physically 
highest possible boundary. This was a result of the limited 
sensitivity of transmission measurements due to fluctuations 
of the flash lamb. 
100 
10 
lksee 
. Ob erer Kastavensee Sod 
Parsteiner See Nord 
'k .  Z sD = 6 m 
350 400 450 500 550 600 650 700 
Wavelength (nm) 
Fig. 5. Examples of maximum and minimum beam attenuation 
coefficient spectra in the study region during late June/July 1999. 
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Correlation analyses 
After converting the data into the logarithmic scale, chloro- 
phyll a was strongly negatively correlated with Secchi depth, 
suggesting that visual water clarity decreased as the algal 
biomass increased (Table 3). The correlations of ZsD with [/], 
[DOC] and g360 were not significant on the 5% significance 
level, suggesting no significant influence of this material on 
visual water clarity. All correlations of Secchi depth with 
spectral beam attenuation were high, particularly at 514 nm, 
which approximately corresponds to the highest spectral 
sensitivity of the human eye at 555 nm (DAVlES-COLLEY 
1983). Since the water component concentrations build the 
independent variables of the direct model, we were con- 
cerned of co-linearity amongst the water components. 
Chlorophyll a, inorganic seston and [DOC] showed only 
weak correlations amongst each other. However, the correla- 
tion between g360 and [/] was moderately strong (r = -0.62) 
suggesting that inorganic particle concentration decreased as 
gelbstoff levels increased. 
Chlorophyll a, [DOC] and g360 were all significantly posi- 
tively correlated with f0~) [exception was g360 and 9(662)], 
suggesting that spectral beam attenuation increases with 
concentrations of the optically active materials (Table 3). In- 
organic seston was not significantly correlated with f at 514 
and 662 nm, indicating only a weak influence of this materi- 
al to spectral beam attenuation. At 360 nm, [/] was negative- 
ly correlated with f, suggesting a decrease in beam attenua- 
tion when inorganic seston concentration was high. This is 
physically not realistic, since particles are known to scatter 
light efficiently and thus to increase beam attenuation. We 
assume, that this negative relationship is a result of the nega- 
tive co-variation of inorganic particles with gelbstoff (see 
above). 
The beam attenuation coefficients at 662 and 514 nm 
showed strongest relationships with chlorophyll a and to a 
lesser extent with [DOC]/gelbstoff. For 9(360), the relation- 
ship was strongest with g360 followed by [DOC] and then [C]. 
This suggested that absorption by gelbstoff was the main 
cause of beam attenuation atthis wavelength. It is noted, that 
gelbstoff measurements showed a stronger relationship with 
beam attenuation than DOC concentrations at this wave- 
length. At 514 nm, the correlation of g360 with beam attenua- 
tion was approximately asstrong as the one with [DOC]. We 
therefore decided to take gelbstoff as an index in testing the 
effect of dissolved carbonaceous material on spectral beam 
attenuation. 
The direct model 
Multiple linear regression analysis provided significant coef- 
ficients for g360, [C] and [/] for most wavelengths (Table 4). 
The specific beam attenuation coefficients were highly sig- 
nificant for g360 and [C], with both having maximum values 
in the UV. The input of [/] in linear regression returned sig- 
nificant specific attenuation coefficients for all wavebands 
(Table 4, equations 8.1, 8.2 and 8.3) although log-log corre- 
lations of [/] with f(514) and 9(1360) were negative. In the 
UV-channel at 360 nm, ci* was not significantly different 
from zero and smaller in value than at the other two wave- 
lengths (Table 4, equation 8.1). This was surprising, since 
scattering and absorption by suspensoids i known to in- 
crease usually with decreasing wavelength towards the UV 
Table 3. Pearson Correlation Matrix using the log of the individual indices. Note that no. of observations for all correlations with ZsD is 22, 
otherwise 27. df/rcr/t: 20/0.423; 25/0.381; bold numbers denote significant correlation coefficients. 
f(360) f(514) 9(662) [C] [/] [DOC] g36o 
ZsD -0.772 -0.927 -0.879 -0.825 0.002 -0.374 -0.413 
[C] 0.548 0.888 0.949 0.199 0.366 0.212 
[/] -0.446 -0.083 0.110 -0.407 -0.623 
[DOC] 0.847 0.586 0.463 0.843 
g36o 0.901 0.549 0.326 
Table 4. Summary of coefficients from multiple linear regression analysis of f()~) against concentrations of dissolved and particulate water 
components. Parenthesis denote 1 standard error; *** p < 0.001; ** p < 0.01; * p < 0.05; ns = not significant. 
f()g) = C ......... ()g) + Cp*()Q[C] + ci*(~)[/]  + %*()~)g360 
c .......... (L) cp*(L) ci*()~) cg*(~,) n r2 equation 
9(360) 0.171(0.594) ns 0.149(0.014)*** 0.060(0.110) n' 0.917(0.033)*** 27 0.976 (8.1) 
f(514) 0.216(0.142)* 0.107(0.003)*** 0.114(0.026)** 0.117(0.007)*** 27 0.983 (8.2) 
9(662)  0.124(0.111) "' 0.079(0.003)*** 0.078(0.021)*** 0.035(0.006)*** 27 0.978 (8.3) 
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Table 5. Regression i dices as in Table 4, ignoring the effect of [/] on 9(L). 
9()L) = C .......... ()~) q" Cp*()L)[C] q- CgN()L)g360 
C ......... (~') Cp*()~) Cg*()~) n r2 equation 
9(360)  0.313(0.533) ns 0.149(0.013)*** 0.914(0.032)*** 27 0.976 (9.1) 
9(514)  0.473(0.170)** 0.106(0.004)*** 0.112(0.010)*** 27 0.969 (9.2) 
9(662)  0.299(0.126)* 0.079(0.003)*** 0.032(0.008)*** 27 0.964 (9.3) 
part of the spectrum in many natural waters (c.f. BRICAUD & 
STRAMSKI 1990; STRAMSKI & MOBLEY 1997). Ignoring the 
effect of [I] on beam attenuation, g360 and [C] explained near- 
ly 98% of the variation in 9(360) alone (Table 5, equation 
9.1). The coefficient for g360 was smaller than 1, suggesting 
that absorption measurements by gelbstoff at 360 nm either 
overestimated g360 in general or f(360) was underestimated. 
Similarly, when including just g360 and chlorophyll a as inde- 
pendent variables at the other two wavelength at 415 nm and 
662 nm, only a small reduction in the explained variability of 
f was observed (Table 5, equation 9.2 and 9.3) when com- 
pared to the regression models for all three components. This 
suggests, that inorganic particles were not majorly important 
in contributing to beam attenuation and that most absorption 
and scattering was caused by gelbstoff and phytoplankton. 
Substituting the mean concentrations of the water compo- 
nents into the regression equations of Table 4 suggested, that 
algae caused 73%, gelbstoff 14%, inorganic and organic ses- 
ton 6% each (indicated by the constant in equation 8.3) of 
beam attenuation at 662 nm, on average. At 514 nm, the av- 
erage algal contribution to beam attenuation was 60%, gelb- 
stoff 29%, inorganic seston and organic seston 6% each (in- 
dicated by the constant in equation 8.2). In the UV-channel, 
N 
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Fig. 6. Observed versus predicted Secchi depth using equation (8.2) 
to calculate 9(514). Then, Secchi depth was calculated by inserting 
the modeled 9(514) into equation (4). The symbols (x) denote data 
used for model development, July 1999 (n = 22). 
the contribution of absorption by gelbstoff dominated beam 
attenuation with 71% on average; algae caused 26% and in- 
organic and organic seston 1% and 2%, respectively. 
The above regression equations provide the basis of a di- 
rect model of water clarity. By inserting the concentrations 
of the water components, the beam attenuation coefficient 
can be modelled for different water quality. In the study area, 
f(514) could be predicted with a mean square error of 0.25 
when substituting the concentrations into equation (8.2) 
(Table 4). The bias [mean(observed predicted) = -0.002 
m -1] was only small and not significantly different from zero 
(1 sample t-test: t = -0.02 ; n = 27 ; p = 0.98). 
There is now a direct model of visual water clarity in a se- 
lected range of Brandenburg lakes. Equation (8.2) is used to 
obtain the beam attenuation coefficient at 514 nm from mea- 
surements of chlorophyll a, inorganic seston and gelbstoff 
concentration. Putting the beam attenuation estimates into 
the context of visual water clarity, equation (4) can be used to 
predict Secchi depth. For the data set used in model develop- 
ment, ZSD could be predicted with mean square error of 0.23 
indicating moderately good predictions. The bias was slight- 
ly positive but small [mean(observed - predicted) = 0.21; 
n = 22] and not significantly different from zero (t = 1.51; 
p = 0.15) (Fig. 6). 
The inverse model 
In principle, the parameters chlorophyll a and g360 can be es- 
timated from measurements of 9(360) and q(514) by rear- 
ranging the equations 9.1 and 9.2 (Table 5) into the following 
matrix: 
[cp*(st4) c *(514)1 rEcl 1= r 9(514)-c ....... (514)1 (10) 
Cp*(360) cg*(360)] L[g360]] Lf(360)-c ...... (360)] 
We decided to use this solution rather than including a 
third channel at 662 nm for determining also inorganic ses- 
ton. This is because negative values of [/] were calculated in 
a three component matrix due to the negative correlation be- 
tween gelbstoff and inorganic seston, that possibly resulted 
in biased specific attenuation coefficients for [/]. Solving the 
matrix system in equation (10) provided acceptable values 
for [C] and g360, for the model data set (Fig. 7) that followed 
closely the 1:1 prediction line (Figs. 7 and 8). For the data set 
used for model development, g360 could be predicted with a 
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root mean square rror of 2.3 m -t. For chlorophyll a, the data 
for model development could be predicted with a root mean 
square of 7.5 mg m -3. The bias was negative (-4.95 mg m -3) 
and significantly different from zero (n = 27; t = -4.08; 
p < 0.001). However, this overestimation was only important 
in the very clearest waters with lowest chlorophyll a concen- 
tration. 
Values of [C] collected in model lakes later in the year, 
were generally of low precision (root mean square error = 
19.4 mg m -3) but not significantly biased [mean(observed - 
predicted) =-3.6 mg m4; n - 5; t = -0.31; p = 0.77]. For un- 
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Fig. 7. Prediction of g360 using model data (n = 27), collected in 
Brandenburg lakes during late June/July 1999. The solid line shows 
the 1:1 prediction. 
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Fig. 8. Observed versus predicted chlorophyll a concentration using 
equations (9.1) and (9.2) (Table 5). The symbol ([]) denotes data 
used for model development. The other symbols indicate model 
lakes (+) and an independent data set of different Brandenburg lakes 
(-), both being sampled in August 1999. 
known lakes sampled later in the year, predictions produced 
one negative value and large, unbiased [mean(observed - pre- 
dicted) = 7.9 mg m-3; n = 19; t = 0.87; p = 0.40] scatter around 
the 1:1 prediction line (root mean square 36.7 mg m-3). Thus, 
if in situ measurements of beam attenuation are used in order 
to obtain values of g360 and [C], calibration of the direct model 
is necessary for the study region at the time of sampling. 
Seasonal mean values for the indices ZsD, [C] together 
with the concentrations of total phosphor in spring and sum- 
mer are used to determine the LAWA trophic state index 
(L~inderarbeitskreis Wasser 1998). Instead of mean values 
for the particular season, we used the value obtained from 
the single sampling occasion. In Fig. 9, we compared the 
trophic index established from our laboratory measurements 
with values obtained from inverse modelling using equation 
(10) and estimates of ZsD from 9(514) (equation 4). For the 
data used for model development, LAWA indices were gen- 
erally in good agreement for laboratory and modelled esti- 
mates of [q  and ZsD. Model lakes that were sampled again 
later in the year were shifted from polytrophic 1 to poly- 
trophic 2 because the modelled chlorophyll a concentrations 
were generally overestimated. Data fell into the equivalent 
trophic condition as determined by laboratory analysis of 
chlorophyll a and field measurements of Secchi depth. Pre- 
dictions of the trophic index in lakes that were not included 
in model development and that were surveyed in late sum- 
mer were moderately good, underestimating true LAWA 
index twice by only one trophic class and once by two troph- 
ic classes. 
5.5 
Q) 4.5 
3.5 
m 
1.5 
o 
0,5 
0.5 
F'++ r 
- 
,n 
/ i  / /  
o m e e2 pl  'p2 h 
i _ _  
1,5 2.5 3.5 4.5 
Trophic INDEX Laboratory (LAWA) 
5.5 
Fig. 9. Comparison of trophic indices according to LAWA, calculat- 
ed from laboratory measurements of chlorophyll a, Secchi depth and 
total phosphate in spring and summer versus calculated indices 
using estimates of [C] (equation 10) and ZsD (equation 4). Symbols 
as in Fig. 8. The solid line is the 1:1 prediction. The notations within 
the rows and columns indicate the trophic state oligotrophic (o), 
mesotrophic (m), eutrophic (e 1 and e2), polytrophic (p 1 and p2) and 
heterotrophic (h). 
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Discussion 
In any given water body, the values of the specific attenua- 
tion coefficients cp* and ci* will depend on the cell chloro- 
phyll content for phytoplankton, the refractive index, size 
and shape of the particles (JERLOV 1976; K~t~K 1994). Even- 
though we measured spectral beam attenuation at relatively 
narrow wavebands, the values obtained at 514 nm are com- 
parable with PAR band estimates. This is because the maxi- 
mum solar irradiance at 550 nm is being transmitted most 
deeply into the water body. This is a result of the strong ab- 
sorption by water itself at wavelengths longer than 600 nm 
and due to the absorption by phytoplankton pigments, gelb- 
stoff and non-biogenous inorganic particles at the 400 to 
500 nm waveband, leaving the green waveband relatively 
unaffected. 
Therefore, the values of cp* and ci* at 514 nm (0.11 m 2 mg 
& 0.11 m ~- g-l, respectively) are comparable to those reported 
for PAR in a variety of natural waters. The value of Cp* was 
0.11 and 0.18 m 2 mg -1 in groups of New Zealand lakes (VANT 
& DAVIES-COLLEY 1984) and estuaries (VANT 1990), and 
0.13 m 2 mg -1 in ponds on the McMurdo Ice Shelf in Antarcti- 
ca (PRIDMORE et al. 1995). However, slightly higher values 
were found in shelf waters in Otago/NZ (0.28 m2mg-1; 
PFANNKUCHE 1999, unpubl, data) indicating relatively small 
cell sizes, but it is noted that cultures of various phytoplank- 
ton species have been found to vary more than this (BRICAUD 
et al. 1983; DAVIEs-COLLEY et al. 1986). 
Values of c~* were more variable in natural waters, being 
as large as 1.2 m 2 g-1 for New Zealand lakes (VANT & 
DAVIES-COLLEY 1984) indicating relatively small particle 
sizes. In Antarctic ponds, values were slightly smaller ang- 
ing from 0.55 to 0.89 m 2 g-~. Even lower values of 0.20 to 
0.36 m a g-i were associated with larger particles present 
in more turbulent environments in shelf seas (0.24 m a g 1; 
BowERs & MITCHELSOY-JAcoB 1996; 0.36 m 2 g-~; PFANN- 
KUCHE 1999, unpublished ata) and estuaries (0.2 m 2 g-1 
VANT 1990). 
Apart from the contribution of inorganic suspensoids and 
phytoplankton, beam attenuation by water itself was also rel- 
atively low (0.044 m-l). Gelbstoff concentration, expressed 
as g360~ needed to be multiplied by a factor of 0.112 to obtain 
g514. This means, when g360 is 1 m -j, the spectral slope para- 
meter S of gelbstoff would be -0.0142 nm -~ when applying 
the Lambert-Beer law [ rearranging equation (7) to S = 
ln[0.117g360/1]/[514/360] ]. This value was slightly smaller 
than the average of S -- -0.0175 nm ~ (n = 27) obtained from 
spectral absorption measurements, indicating that the regres- 
sion factor overestimated g514 by a third than the laboratory 
measurements on the spectrophotometer [thus, cg*(514) 
must be 0.07 when S = 0.0175 nm -~ is true]. 
At 360 nm, absorption by gelbstoff was sometimes larger 
than the beam attenuation coefficient at this wavelength. 
This is physically not realistic as f()~) sets the highest 
boundary for total absorption when scatting is zero. Thus, 
the small discrepancy between g~60 and c(360) points to- 
wards measurement errors of in situ transmission and labo- 
ratory absorption measurements. In the latter, the non linear 
semi-logarithmic spectra of g~ (Fig. 4) indicated scattering 
by filter passing colloidal carbonaceous material which 
could only be approximately corrected for via equation (6). 
Thus, it may be advisable to use smaller pores sizes in the 
filters (0.22/lm) and a lower vacuum in membrane filtration 
in order to obtain better estimates of gelbstoff absorption in 
future (c.f. SeaWIFs protocol). However, the difference be- 
tween measured g360 and f(360) was only 6.1% on average 
(n = 6) which is small considering a error of 2.5% in trans- 
mission measurements due to instability of the flashing 
lamp. 
The inverse model 
Relatively unbiased estimates of g360 and [C] were obtained 
by using the inverse model displayed in equation (10). Appli- 
cation of this model was restricted to the lakes that were in- 
cluded in model development, and only during the time of 
observation. Applying the model to data, that was sampled in 
model lakes later in the season produced still unbiased esti- 
mates of chlorophyll a concentrations, however, the preci- 
sion was low as indicated by the root mean square error of 
19.4 mg m 3. Applying the model to an unknown data set 
gave unacceptable estimates for chlorophyll a, indicating 
that frequent re-calibration is necessary. 
The generally unbiased estimates indicate, that the contri- 
bution of gelbstoff and chlorophyll a to beam attenuation is 
relatively constant. However, the specific attenuation coeffi- 
cient seems variable resulting in predictions of low accuracy. 
This is only true for cp*()~), which also can be understood as 
the attenuation cross section (m 2) per mg chlorophyll a, 
which varies with chlorophyll a content and cell morphology 
(see above). Unpublished beam attenuation and chlorophyll 
a data collected in winter 1998 indicated, that Cp*(662) was 
0.053 m 2 mg -1 (SE -- 0.004; r 2 = 0.973, p < 0.001) in six of 
the model akes which was significantly smaller than in sum- 
mer 1999 (t = 15; df -= 31; p < 0.001). A smaller attenuation 
cross section indicates larger algal cell sizes and/or lower 
chlorophyll a content per cell in the previous year than in 
1999 (c.f. KIRK 1994). For a whole range of different lakes, 
Cp*(662) was even smaller with 0.047 m 2 mg -1 (SE 0.006) in 
the previous winter season, suggesting even larger cells 
and/or lower chlorophyll a content. 
Summarising the optical measurements, spectral beam 
attenuation was often dominated by phytoplankton and 
gelbstoff, allowing for simplification of the model by using 
only g360 and [C] as inputs. However, the biological variabil- 
ity made predictions of [C] inaccurate when using the in- 
verse model. Changes in Cg*0~) are not expected, since gelb- 
stoff is a dissolved component for which morphometric 
changes (size, shape, density) do not affect its absorption 
behaviour. 
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However, applying the direct model for determining ZsD 
from f(514) and using the indirect model to obtain chloro- 
phyll a values showed very small errors when applying the 
LAWA trophic status classification system. Since re-calibra- 
tion of the inverse model is necessary for getting good pre- 
dictions of chlorophyll a, also the quality of the LAWA index 
will critically depend on predictions of [C]. This is because 
firstly predictions of Secchi depths were generally good and 
secondly, the index mostly depends on the chlorophyll a con- 
centration. We are therefore hopeful, that for future purposes 
at least the concentrations of gelbstoff and the phytoplankton 
pigment chlorophyll a will be determinable when the reasons 
for the biological variability in the specific beam attenuation 
coefficient are better understood. 
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